Dinoflagellates are microscopic, eukaryotic, and primarily marine plankton. Temporary cyst formation is a well-known physiological response of dinoflagellate cells to environmental stresses. However, the molecular underpinnings of cold-induced cyst physiology have never been described. Cultures of the photosynthetic dinoflagellate Lingulodinium polyedrum readily form temporary cysts when placed at low (8°C 6 1°C) temperature and excyst to form normal motile cells following a return to normal temperature (18°C 6 1°C). The normal circadian bioluminescence rhythm and the expected changes in Luciferin Binding Protein abundance were arrested in L. polyedrum cysts. Furthermore, after excystment, the bioluminescence rhythm initiates at a time corresponding to zeitgeber 12, independent of the time when the cells encysted. Phosphoprotein staining after two-dimensional polyacrylamide gel electrophoresis, as well as column-based phosphoprotein enrichment followed by liquid chromatography tandem mass spectrometry, showed cyst proteins are hypophosphorylated when compared with those from motile cells, with the most marked decreases found for predicted Casein Kinase2 target sites. In contrast to the phosphoproteome, the cyst proteome is not markedly different from motile cells, as assessed by two-dimensional polyacrylamide gel electrophoresis. In addition to changes in the phosphoproteome, RNA sequencing revealed that cysts show a significant decrease in the levels of 132 RNAs. Of the 42 RNAs that were identified by sequence analysis, 21 correspond to plastid-encoded gene products and 11 to nuclear-encoded cell wall/plasma membrane components. Our data are consistent with a model in which the highly reduced metabolism in cysts is achieved primarily by alterations in the phosphoproteome. The stalling of the circadian rhythm suggests temporary cysts may provide an interesting model to address the circadian system of dinoflagellates.
Dinoflagellates are a group of unicellular and generally marine protists most closely related to the apicomplexans and the ciliates. They are known to contain large amounts of DNA (LaJeunesse et al., 2005) with a high proportion of unusual bases (Rae, 1976; Rae and Steele, 1978) , which is not organized into chromatin (Haapala and Soyer, 1974; Rizzo, 2003) , as there are no detectable histone proteins (Rizzo and Noodén, 1972; Rizzo, 1985) , though mRNAs of all the components required to manufacture and modify nucleosomes were identified (Bayer et al., 2012; Roy and Morse, 2012) . They are major contributors to global primary production (Field et al., 1998) , promote biodiversity through their symbiosis with anthozoans in coral reefs (Muscatine et al., 1981) , and can form the harmful algal blooms (HABs) commonly called "red tides" (Anderson et al., 2012) . These HABs have been under tremendous scrutiny because of their ability to cause huge negative impacts on human health and marine-based economy (Wang, 2008) . HAB formation is poorly understood, but while temperature and nutrient availability surely play an important role, the presence of cysts that can act as a reservoir for new populations may also be involved (Keafer et al., 2005) .
Dinoflagellate cysts are specialized cells with metabolism sufficiently reduced to enable them to resist poor environmental conditions; normal viable cells have been shown to emerge from cysts found in century-old sediments (Ribeiro et al., 2011) . For Lingulodinium polyedrum, two types of cysts have been observed, and these are termed temporary (also asexual, ecdysal, or pellicle) and permanent (also sexual) cysts (Lewis and Hallett, 1997) . Permanent cysts are covered with numerous bulbous spines and are thought to form part of the normal sexual life cycle. However, they have only been observed under laboratory conditions with some strains (Kokinos and Anderson, 1995) . By contrast, temporary cysts form readily under a variety of conditions that constitute an environmental stress such as mechanical shock, changes in temperature, pH, or salinity (Kita et al., 1985) . Interestingly, temporary cysts have also been observed to form after indolamine (melatonin) treatment or changes in photoperiod, providing an intriguing connection to the biological clock (Balzer and Hardeland, 1991; Tslm et al., 1996) . The morphology of temporary cysts is distinct from that of the permanent cysts. Temporary cysts form by shedding their cellulosic thecal plates, which typically break along the groove in which the transverse flagella lies (the cingulum). The cysts that emerge are roughly spherical and are often seen as covered with a clear layer (Bravo et al., 2010) . In general, for the dinoflagellates, the change in cell shape, and in particular, the shedding off of the theca and the loss of flagella, is a common feature of temporary cyst formation and is indicative of extensive cytoskeletal rearrangements (Behrmann and Hardeland, 1995) . Temperature acts as an important cue for permanent as well as temporary cyst formation in dinoflagellates (Behrmann and Hardeland, 1995; Bravo et al., 2010) . A temporary cyst formation strategy is employed by dinoflagellates to overwinter and bloom when temperature returns to normal (Price and Pospelova, 2011) , showing that in both types of cyst, there is a substantial reduction in basic metabolism.
Coping with a cold temperature shock elicits similar responses in most living organisms, notably an extensive reorganization in the level of gene expression. Due to their greater complexity, higher organisms typically use cascades of changes in several regulatory pathways to achieve this, while single-celled organisms characteristically use more direct methods (Horn et al., 2007) . Extensive studies affecting gene expression due to cold temperature have been documented in plants and bacteria. Plants exposed to cold temperatures activate several factors, including C-repeat/dehydration-responsive element binding factor transcription factors, which, in turn, modulate the global stress response transcription pattern (Thomashow, 2010) . Cold shock in bacteria induces a distinct set of proteins, comprised mainly of cold shock proteins (CSPs) that, along with some helicases, nucleases, and ribosome-associated components, seem to be involved in nucleic acid metabolism. This response is specific to cold stress and does not correspond to other stress responses. Interestingly, posttranscriptional events also play an important role in bacteria (Horn et al., 2007) . L. polyedrum contain an unusually large number of cold shock domain proteins (Beauchemin et al., 2012) , although a role of these proteins in cold shock has not been previously examined.
Many physiological activities in L. polyedrum are under the control of an endogenous circadian (daily) clock. This clock thus orchestrates circadian rhythms, the most studied of which is bioluminescence. To produce changes in the bioluminescence capacity, the clock regulates translation of mRNAs encoding two key components required for light production (luciferase and a luciferin binding protein LBP) and levels of these proteins correlating with bioluminescent capacity. It is not known if cold-induced temporary cyst formation in Lingulodinium spp. affects the endogenous daily clock, although permanent cysts have been shown to contain a functioning yearly clock allowing seasonal excystment (Anderson and Keafer, 1987) . Several studies in diverse organisms showed that their internal clock tends to hold around zeitgeber time (ZT) or light dark (LD) time 12 when they were subjected to low-temperature treatments (Njus et al., 1977) . In Arabidopsis (Arabidopsis thaliana), circadian oscillators demonstrated differential responses in the cold, and some cold-responsive genes were clearly controlled by the circadian clock (Bieniawska et al., 2008) . Furthermore, cold temperature regulates alternative splicing of the CIRCADIAN CLOCK-ASSOCIATED1 mRNA, an important clock component in Arabidopsis, thereby modulating the clock function under cold stress.
To begin to understand the molecular basis for the profound cellular changes resulting in cyst formation, we have undertaken microscopic, proteomic, and transcriptomic studies on the temporary cysts formed by L. polyedrum in response to low temperature. We find that the two-dimensional (2D) PAGE protein patterns of cysts do not differ from motile cells but that there is a major alteration in phosphoprotein profiles. The low temperatures also appear to arrest the bioluminescence rhythm, and this rhythm restarts in excysted cells at LD 12, independent of the time of encystment. Curiously, changes are also observed in the levels of some RNAs, especially those encoded by the plastid and those whose products are directed to the plasma membrane. We suggest these latter changes reflect selective RNA degradation and are a consequence rather than a cause of encystment.
RESULTS

Cold Temperatures Induce Temporary Cysts in
Lingulodinium spp.
Lingulodinium polyedrum responds very rapidly to low temperature, as within 2 to 3 h of incubation at 8°C 6 1°C, all cells no longer swim and have settled at the bottom of the flask. These cells have shed their theca and flagella and have assumed the rounded shape and surrounding thin pellicular layer consistent with the formation of temporary cysts (Fig. 1, A and B) . When 1-d cysts are returned to the normal culture room temperature (RT; 18°C 6 1°C ), all cells were found to have completely excysted and resumed swimming by the following day (Supplemental Table S1 ), indicating that the changes are fully reversible and relatively rapid. Cysts kept 3 d at 8°C require slightly longer times for excystment, as complete excystment was observed only after 3 d at normal culture RTs. Interestingly, cysts have retained scintillons, the bioluminescent organelles, in numbers similar to what are typically found in day phase L. polyedrum cells (Fig. 1, E and H) . Chloroplasts are also retained in cysts, although they appear disorganized in the cytoplasm and display a more rounded morphology (Fig. 1, D and G) . However, cells stained with 49,6-diamidino-2-phenylindole then allowed to encyst showed no change in nuclear morphology (not shown).
Protein Phosphorylation Is Reduced in Cysts
To address the molecular changes accompanying cyst formation in response to a cold shock, we first examined the protein profiles using 2D PAGE (Fig. 2) . The general protein pattern revealed by Coomassie blue staining of total cyst proteins is indistinguishable from that obtained using motile cell proteins, taken either during the early day or the early night phase of the daily light-dark cycle. Analysis of spot density using Image Master 2D Software indicated that the level of variation in protein levels between cysts and motile cells was same as that observed between the biological repeats (either cyst versus cyst or LD 14 versus LD 14; Supplemental Fig. S1 ). To assess the possibility that some proteins were transiently overexpressed during the process of encystment, 2D PAGE analysis was also performed using proteins isolated from cells after 5 h incubation at 8°C. However, no difference was observed in these protein profiles compared with the 24-h cysts (not shown). To further confirm the constancy in the 2D gel patterns, western-blot analyses were performed using antibodies recognizing the proteins LBP, Rubisco, and Peridinin-Chlorophyll a-binding Protein (PCP), and these also showed no significant variation between cysts and motile cells (Supplemental Fig. S2 ).
In contrast to the similarity in general protein staining, the 2D gels cyst and motile cell extracts show a marked difference after staining with the phosphoprotein stain ProQ Diamond (Fig. 2) . We note that while some individual proteins may have a greater staining intensity, the general overall staining intensity is lower in cyst extracts. To confirm this, and to provide a global characterization of the differences between cysts and motile cells, we prepared a phosphoprotein-enriched fraction from cysts as well as from cells harvested during early day (LD 2) and early night (LD 14). These phosphoprotein-enriched fractions were then digested with trypsin and analyzed by long-run liquid chromatography tandem mass spectrometry (LC MS/MS). Over 12,000 peptides were recovered, of which 618 contained at least one phosphorylated amino acid as determined by mass spectroscopy. Only 23 of the phosphopeptides have a phosphotyrosine.
A comparison of the signal intensity of all 618 phosphopeptides between cysts and motile cells showed that three general classes could be discerned. A first class, containing almost one-half the phosphopeptides (306), was less abundant in cyst extracts than in either LD 2 or LD 14 extracts. In principal, the lower levels of these peptides could be due to a change in the phosphorylation state of the protein or a change in the amount of the phosphorylated protein. However, because the protein Figure 1 . Cyst morphology differs from that of motile cells. A, Cysts viewed by light microscopy assume a spherical shape and have generally emerged from the theca that normally surrounds motile cells. B, Scanning electron microscopy of the cysts reveals a generally smooth surface, unlike the discarded theca. Day phase cell (C-E) and (F-H) cyst taken either under bright field (C and F) or using fluorescence microscopy to visualize chloroplasts (D and G) and scintillons (E and H). Figure 2 . Phosphoprotein profiles of cyst and motile cell extracts differ. Protein extracts from cysts and motile cells at two times of day were analyzed by 2D PAGE. While no differences are observed using the general protein stain Coomassie blue (left), cysts show a greatly reduced staining with the phosphoprotein-specific stain ProQ Diamond (right). Molecular weight markers shown at left are in kilodaltons, and isoelectric points at top show acid and basic ends of the gels.
patterns of cysts and motile cells are similar, we term these peptides hypophosphorylated. Unfortunately, it is not possible to accurately measure the degree of hypophosphorylation for these peptides, as signal intensities below a threshold of 10,000 are all arbitrarily assigned the threshold value. An additional 173 peptides were above threshold levels in the cyst extracts but at threshold levels in either LD 2 or LD 14 (or both) extracts and were termed hyperphosphorylated. The remaining 141 phosphopeptides were above threshold in all three extracts and have a similar degree of phosphorylation in all. The overrepresentation of hypophosphorylated peptides is more clearly indicated by a plot of the ratio of signal intensities in cyst compared with motile cells for each of the individual peptides (Fig. 3A) . This figure displays the 123 peptides whose signal intensity is at least 2-fold more than the highest value in motile cells (i.e. in either LD 2 or LD 14) and the 242 peptides whose signal intensity is at least 2-fold less than the lowest value in motile cells. The prevalence of hypophosphorylation is clearly illustrated by the larger area under the lower curve.
The 618 phosphopeptides could be assigned to a total of 570 phosphoproteins, and of these, 117 and 221 proteins are hyper-or hypophosphorylated in the cysts, respectively. These 338 phosphoproteins were annotated manually by combining identification from BLAST searches and protein domain information (Supplemental Tables S2 and S3 ) and then classified into probable functional categories (Fig. 3B) . The inclusion of information from protein domains increased the number of identified probable functions to roughly one-half of the proteins. The majority of these proteins were found in categories encompassing general metabolism or the regulation of gene expression at the transcriptional, translational, or posttranslational levels, as expected based on the lower metabolism expected for cysts. The posttranslational category contains proteins involved in ubiquitinylation, protein phosphorylation (kinases and phosphatases), and protein-protein interactions. The translation category contains proteins with RNAbinding domains, translation factors, tRNA biosynthesis, and splicing factors. The transcription category contains proteins involved in transcription as well as other DNA binding protein, while the cytoplasm category contains enzymes catalyzing a wide variety of reactions for primary and secondary metabolism.
We also performed the cell component analysis of the global phosphoprotein-enriched fraction from cysts and then compared them to that of the LD 2/LD 14 motile cells. The maximum differences are found in the cytosol, mitochondrion, nucleus, and ribosome compartments, again suggesting a posttranslational control over gene regulation and metabolism (Supplemental Fig. S3 ).
Cysts Have an Arrested Clock and Show a Decreased Level of Casein Kinase2 Phosphosites
The amino acid context surrounding the phosphorylated amino acid allows the peptides to be categorized as potential targets for different kinases (Xue et al., 2008) . Using the information of available kinases in Lingulodinium polyedrum (S. Roy and D. Morse, unpublished data), we used the group-based phosphorylation scoring algorithm to predict kinase sites within the phosphopeptides obtained by MS sequencing. Interestingly, this analysis indicates that predicted Casein Kinase2 (CK2) phosphosites appear to be most affected by the general decrease in cyst protein phosphorylation (Fig. 4A ). The proportion of hypophosphorylated CK2 sites exceeds the average number of hypophosphorylated sites by roughly 50% (Fig. 4B ). CK2 is a conserved kinase in the mechanism of eukaryotic circadian clocks (Sugano et al., 1999; Tsuchiya et al., 2009 ), so we therefore tested the impact of encystment on the circadian system. Cells from cultures grown under two light regimes 12 h out of phase were encysted by low temperature simultaneously (for 8 h) then allowed to excyst at the same time in a plate reader maintained at A, A plot of the phosphopeptide intensity ratios found in cysts greater than the maximum value found in either ZT 2 or ZT 14 as well as less than the minimum value found in either ZT 2 or ZT 14 shows cysts have a greater number of hypophosphorylated peptides. B, The phosphoproteins identified by MS in the cyst extracts were classified into GO categories and compared with the phosphoproteins extracts from motile cells. The GO categories are listed from most abundant in cysts (left) to least abundant in cysts (right). Values are presented as percentage of total phosphoproteins. normal culture RT. Bioluminescence measurements show that rhythm in the two cultures is out of phase before encystment yet in phase after excystment (Fig. 4C ). This indicates that at excystment, the circadian clock restarts for both cultures at a time corresponding to the onset of the dark phase (LD 12). To test for continuing rhythmicity in the cysts themselves, we assessed LBP levels, as the daily synthesis and degradation of LBP are an important part of the bioluminescence rhythm. Cultures from midday (when LBP protein levels are low) and from midnight (when LBP protein levels are high) were used for both immediate protein extraction and for encystment at 8°C. Protein samples were prepared from the two cold-incubated samples after 12 h. If LBP levels were still rhythmic at low temperature, the LBP abundance in the two samples incubated in the cold for 12 h should be from the LD times at encystment. However, immunoblotting with LBP antibody showed similar protein levels between the 12-h cold-incubated cysts and the motile cells from which they were derived (Fig. 4D) . The cysts thus do not regulate the daily synthesis and degradation of LBP.
Plastid-Encoded RNAs Have Decreased Levels in Cysts
Transcription is known to be modulated under cold stress in plants, as is the case in Arabidopsis, where 4% to 20% of the genome is demonstrated to be cold regulated (Lee et al., 2005) . Therefore, as a complement to the examination of the proteome and the phosphoproteome, RNA sequencing was used to evaluate potential changes in cyst RNA levels. Read counts for each of the 74,114 consensus sequences in a previously described assembly (Beauchemin et al., 2012) were determined for RNA samples prepared either from cysts or from motile cells taken either during the middle of the day phase (LD 6) or the middle of the night phase (LD 18). Statistically significant differences were assessed using DegSeq, as illustrated using a comparison of read counts determined using cyst RNA and RNA from motile cells harvested during the middle of the night (Fig. 5A ). This analysis plots the fold difference against mean transcript abundance for all sequences, and those sequences with significantly different read counts are shown by colored points. Interestingly, the majority of the differences reflect a decrease in the amount of RNA in cyst compared with motile cells. The analysis was repeated with a total of four samples from motile cells, and those sequences with significantly different values in three of the four samples were retained for further analysis. Using this criterion, a total of 132 RNA were differentially regulated in the cyst, nine with higher values in the cyst and 123 with lower values in the cysts. Roughly 70% could not be identified, either because BLAST searches (BLASTx with an E-value , e -5
) did not return a match or because matches were only to unidentified proteins, a proportion similar to that found for the total transcriptome (Beauchemin et al., 2012) . Interestingly, among the 42 sequences that could be identified (Supplemental Table S4 ), 19 highly expressed transcripts encoded by the plastid genome (orange circles) were found to have decreased. This decrease in the level of plastid-encoded RNAs was confirmed by northern blots for atpB and psbC gene products (Supplemental Fig. S4 ) to eliminate the possibility that this might be due to a technical artifact resulting from slight differences in the degree of purification of polyadenylated RNAs from cyst and motile cell RNA. The decreased levels of plastid-encoded RNA appear to mirror, on a molecular level, the decreased chlorophyll fluorescence found in cysts. Intriguingly, 15 transcripts representing nuclear-encoded plasma membrane proteins were also found to be present at . Circadian rhythm arrest occurs in concert with hypophosphorylation of CK2 phosphosites. A, The phosphosites in the ensemble of phosphopeptides identified were classified as potential kinase targets based on the peptide motif surrounding the phosphate and the number of phosphosites for each kinase family demonstrated in the transcriptome shown for motile cells (LD 2/LD 14) and cysts, with cyst phosphopeptides separated into hypo-and hyperphosphorylated forms. B, The ratio between the number of hypo-to hyperphosphorylated peptides shows a decrease in phosphorylation of potential CK2 targets in cysts. C, Encystment synchronizes the circadian bioluminescence rhythm from two originally out-of-phase cultures. Bioluminescence of cell cultures placed into constant darkness at the end of the night (top left) or the end of the day (bottom left) shows an out-of-phase peak in light emission. An 8-h exposure to low temperature resets the circadian rhythm of light production to the same phase, independent of the phase prior to encystment. D, The levels of LBP were measured in extracts taken from motile cells at midday (LD 6) and midnight (LD 18) as well as from cells from these two times placed at 8˚C for 12 h before protein extraction.
lower levels in cysts. It is unclear how the decreased levels of transcripts encoding membrane proteins might affect the cellular structure, given that protein levels on 2D PAGE did not change markedly, although it is clear that the appearance of the cell wall is markedly different in cysts. It seems likely that these differences in RNA levels result from an increase in degradation rates rather than a decrease in transcription rates, given the larger number of transcripts with lower abundance in the cysts.
DISCUSSION
Encystment is a physiological response of many dinoflagellates to adverse environmental conditions associated with either abiotic agents such as temperature (Schmitter, 1979) , nutrients (Anderson and Wall, 1978) , or indoleamines (Balzer and Hardeland, 1991) or biotic agents such as bacterial attack (Nagasaki et al., 2000) , culture age (Jensen and Moestrup, 1997) , competing phytoplankton (Fistarol et al., 2004) , or predators (Rengefors et al., 1998) . Cold-induced cyst formation has also been reported in the dinoflagellate Pfiesteria piscicida, where the maximum excystment occurred between 9 and 18 h after returning the encysted cells to the normal temperature and light regime (Saito et al., 2007) . Cyst formation requires an extensive structural reorganization, starting with the formation of a new cell wall replacing the original thecal plates. This new structure is thought to contain a dinoflagellate-specific version of sporopollenin, a highly resistant and presumably impermeable covering (Evitt, 1985) , protecting them from adverse environmental conditions as well as toxic chemicals that could be fatal to the normal cells. The impermeable nature of this covering will of necessity decrease gas exchange and thus general metabolism in the cysts. Interestingly, some studies reported the breakdown and alteration in the distribution pattern of pigments in temporary cysts (Anderson, 1980) , which might be correlated with the changes we observe in chloroplast organization (Fig. 1) . However, unlike chloroplasts, the nuclear structure retains its typical shape. The cysts formed here by exposure to cold appear identical in morphology to those obtained from indolamine treatment (Tsim et al., 1997) , suggestive of a common mechanism initiated by a variety of stimuli. Surprisingly, even though temporary cyst formation under different biotic and abiotic environmental stress is common among dinoflagellates, the molecular basis of this response is not yet known.
Some aspects of cold shock response appear similar in several unrelated organisms such as bacteria, plants, and higher eukaryotes. In particular, the rapid translation of CSPs (cold shock domain-containing proteins), a specialized group of multifunctional RNA binding proteins (Al-Fageeh and Smales, 2006), appears important. The function of these CSPs during cold shock is to bind nonspecifically to mRNA and relieve cold-induced secondary structure conformations (Phadtare, 2011 ) that could then modulate the levels of general protein synthesis. In Escherichia coli, a prokaryotic model of the cold shock response, a shift in temperature from 37°C to 10°C shows that cells specifically overexpress CSPs over a period of approximately 4 h, while the global transcription and translation rates decrease (Gualerzi et al., 2003) . This is in sharp contrast to what has been observed in plants, where cold stress is accompanied by alterations in protein synthesis principally targeting photosynthesis and carbohydrate metabolism pathways (Yan et al., 2006; Neilson et al., 2011; Rinalducci et al., 2011a Rinalducci et al., , 2011b . Intriguingly, CSPs are the most abundant nucleic acid binding domain found in Lingulodinium polyedrum (Beauchemin et al., 2012) and Symbiodinium spp. (Bayer et al., 2012 ), yet no evidence is seen for an increase in protein abundance of any type on 2D PAGE (Fig. 2) . Therefore, if dinoflagellate CSPs functions as part of the response to cold shock, levels of the proteins must be below detectable limits. It is possible, however, that CSPs do not function in cold adaptation in dinoflagellates but act as regulators of gene expression during normal growth. This is supported by the observation that CSPs in plants play a role in many cellular processes under standard growth conditions (Sasaki and Imai, 2012) as well as by the fact that Lingulodinium polyedrum in the cold prefers to slow down global metabolism by encysting rather than trying to maintain normal metabolism.
Cold acclimation in plants involves excessive reorganization of their transcriptome in response to cold stress (Hannah et al., 2005; Xin et al., 2013) . By contrast, the rapidity of temporary cyst formation in L. polyedrum and the ease with which this process can be reversed argues against major changes in the transcriptional response of the cells. In addition, the fact that the majority of the changes seen in cyst transcript levels in response to cold treatment are reductions rather than increases in the cyst transcriptome also supports this idea. The decrease of specific RNA levels seen in L. polyedrum is similar to the decreased level of transcripts belonging to categories related to stress and hormonal response proteins in Arabidopsis (Chiba et al., 2013) and suggests that in both cases, a response to stress can involve targeted decay of specific mRNAs. However, L. polyedrum differ in that the two largest classes of RNAs identified included representatives from plastid-and nuclear-encoded genes (Fig. 5B) . It is likely that two mechanisms will have to be invoked to explain these different classes of RNA. The selective degradation of cytoplasmic RNAs has been well documented in prokaryotes and eukaryotes (Yamanaka and Inouye, 2001; Marzluff et al., 2008; Chiba et al., 2013) , and based on these systems, it is possible that transcripts in L. polyedrum may be targeted for degradation by the presence of a common sequence motif or structural element such as the AUUUA motifs (AU-rich element) in the 39 untranslated region found in other systems (Chen and Shyu, 1994; Curatola et al., 1995; Fan et al., 1997; Sarkar et al., 2003) . Once the complete sequences of all the transcripts regulated in L. polyedrum cysts is known, it will be possible to assess this possibility. With respect to the decreased levels of plastid mRNAs seen in L. polyedrum cysts, the decrease in mRNAs encoding pentatricopeptide repeat (PPR) family proteins mRNAs in Arabidopsis (Chiba et al., 2013) may be a useful model. PPR proteins are nuclear-encoded proteins that are directed to organelles, where they are responsible for stabilizing organelle-encoded transcripts (Jacobs and Kück, 2011) . However, in L. polyedrum, no nuclearencoded mRNAs for plastid-directed proteins were specifically degraded under cold stress.
In addition to the changes in transcript abundance, substantial differences were also observed between the phosphoprotein profiles of cysts and motile cells. This aspect is similar to what has been observed for the phosphoprotein profile of rice (Oryza sativa) plants and roots when cold stressed and normal plants were compared (Chen et al., 2012) . Phosphoprotein profiles of proteins involved in glycolytic pathway, carbohydrate metabolism, calcium-mediated signal transduction, and redox homeostasis differed under cold stress in the rice (Chen et al., 2012) . In alfalfa (Medicago sativa), prominent changes in phosphorylation pattern of the nuclear proteins were observed under cold shock (4°C) compared with cells maintained at normal temperature (Kawczynski and Dhindsa, 1996) . These results are thus akin to what we observe for the phosphopeptide profiles in cysts, where levels of phosphoproteins involved in general as well as nucleic acid metabolism were found to differ markedly between cysts and motile cells. The general hypophosphorylation pattern observed in cysts (Figs. 2 and 4B) might be due to the differential activity of kinases/phosphatases under cold shock, which might itself be regulated through phosphorylation events, as approximately 15% of the identified phosphoproteins in cysts are either kinases or phosphatases (Fig. 3) . It seems L. polyedrum prefers to affect proteins posttranslationally to modulate cellular activities under cold stress.
There are roughly 90 proteins in L. polyedrum cysts whose phosphorylation levels increase compared with motile cells. Among these, a putative Phe tRNA synthetase is approximately 1,000 times more phosphorylated in the cold-stressed cells. In mammals, phosphorylation of tRNA synthetases did not affect the aminoacylation activity, but instead, it enhanced the ability to synthesize diadenosine tetraphosphate (Ap4A) by 2-to 6-fold (Dang and Traugh, 1989) , and Phe tRNA synthetase has shown to synthesize Ap4A in yeast (Saccharomyces cerevisiae; Harnett et al., 1985) and Euglena gracilis (Krauspe et al., 1988) . Ap4A has been called an alarmone (Kobayashi and Kuratomi, 1989) , as its concentration increases during different stresses (Lee et al., 1983; Coste et al., 1987) , and it has been implicated in a variety of cellular activities including cell division, DNA polymerase activity, and the activation or inhibition of particular cellular enzymes (Guranowski et al., 1990) . It is an intriguing possibility that Ap4A may play a role in down-regulating the metabolic activities in L. polyedrum cysts. It would thus be of interest to test for the presence of Ap4A in cysts. So far, there are few other clues as to how metabolism may be down-regulated. In mammalian cells, phosphorylation of the a subunit of eukaryotic initiation factor2 (eIF2) in response to stress globally reduces translation rates (Wek et al., 2006) . However, neither the guanine exchange factor eIF2B that normally binds and is sequestered by the phosphorylated eIF2 a subunit nor the kinase that normally phosphorylated the eIF2 a subunit are found in the L. polyedrum transcriptome (Beauchemin et al., 2012) .
It is important to stress that measurements of phosphopeptide intensity alone cannot distinguish between changes in phosphorylation state of a constant amount of protein or changes in the absolute amounts of a protein whose phosphorylation state remains constant. However, the observation that the amount of those cyst proteins resolved by 2D PAGE does not differ from what is found in motile cells (Fig. 2) suggests that changes in phosphorylation state of different proteins may be the more likely scenario. We used intensity measurements of roughly 400 spots of the 2D gels to compare between biological repeats of motile cell extracts or cysts as well as between motile cells and cyst proteins (Supplemental Fig. S1 ). Spot selection was random and based primarily on the ability of the image analysis software to unambiguously find the same proteins on four different gels. Furthermore, spot intensities varied by almost a 1,000-fold, thus encompassing both highly abundant and poorly represented proteins. Because the peptide intensities of almost one-half the cyst phosphopeptides decreased by over 2-fold, we reasoned that that a similar number of randomly selected proteins should also change in amount if the changes in phosphorylation were due to changes in protein levels. However, the level of variation in proteins levels between cysts and motile cells is the same as what is found when biological repeats are compared. We conclude that the changes in phosphorylation state of a protein found at constant levels rather than changes in the amount of protein phosphorylated at constant levels are more likely to explain the general hypophosphorylation of cyst proteins. Changes in phosphorylation would also explain the rapidity of encystment and excystment as well as the observation that a sizeable fraction of the phosphopeptides whose levels change markedly in cysts can be classified into a kinase/ phosphatase category (Fig. 3) .
It is interesting that almost 8% of the identified proteins demonstrate some form of calcium or cAMP regulation (calcium binding and calcium-or cAMPregulated kinases). Calcium and cAMP are well known second messengers, and in dinoflagellates, indoleamineinduced cyst formation seems to have an association with this pathway (Tsim et al., 1997) . Studies in plants have demonstrated that Ca +2 signaling is an important plant response to several abiotic stresses including low temperature (Knight, 2000) . It is also of interest that putative CK2 kinase target motifs are enriched among the hypophosphorylated peptides. CK2 is conserved in circadian clock mechanisms of all eukaryotes (Lee et al., 2001; Lin et al., 2002; Lu et al., 2011) , and it may thus be relevant that circadian clock function is demonstrably affected by cyst formation. We observe that the cold treatment synchronizes the bioluminescence rhythm of two out-of-phase cultures (Fig. 4C) , indicating that the clock that times the bioluminescence rhythm starts from the same time (roughly ZT 12) when cells are returned to normal culture RTs. This result could reflect a strong phase resetting of a clock that continues to function in the cyst or, alternatively, the "rebooting" of a clock that had stopped in cysts. While our results cannot unambiguously distinguish between the two, the possibility that the clock has stopped is particularly intriguing because it suggests that the phosphoprotein levels present in the cysts may be interpreted by the excysting cell as a clock time of LD 12. If true, a comparison of the phosphoprotein profiles between cysts with different times during the circadian cycle may provide the first clues to the identity of clock proteins in the dinoflagellate circadian system.
On a practical level, dinoflagellate cysts are perfectly stable for at least 3 d at 8°C. If the cysts are also stable for even longer periods of time, encystment might represent a cost-effective method for preserving different cultures. In particular, should it become possible to transform dinoflagellate cells, cells with interesting properties might thus be maintained almost indefinitely or shipped worldwide. It would also be of interest to determine if encysted cells could be frozen at -80°C to facilitate storage of extensive culture collections.
CONCLUSION
We investigated the molecular correlates of the coldinduced cyst formation in the dinoflagellate L. polyedrum. A global hypophosphorylation pattern is noticed in cysts with a pronounced effect on peptides containing the predicted targets of CK2. The L. polyedrum bioluminescence rhythm is stalled in the cysts, which suggests a close association between phosphorylation and clock functioning in this organism. Both circadian protein synthesis and degradation are stopped in cysts, as evident from comparable LBP levels in the cysts and the corresponding out-of-phase ZT samples. This might explain why no significant differences in protein levels were found between cysts and motile cells. This is in sharp contrast with other eukaryotes as well as bacteria, which tend to specifically express particular protein families to counter cold stress. We also find deformation of chloroplast architecture in the cysts, which is accompanied by the targeted degradation of all plastid RNAs. Taken together, we report an unusual mechanism used by a unicellular eukaryote to resist cold temperature.
MATERIALS AND METHODS
Cell Culture
Lingulodinium polyedrum (formerly Gonyaulax polyedra; strain CCMP1936) was obtained from the Provasoli-Guillard National Center for Marine Algae. Cultures were grown in f/2 seawater medium lacking Si at 19°C 6 1°C under 12-h-light/ 12-h-dark cycles using cool-white fluorescent light at an intensity of 50 mmol photons m -2 s -1
. Under this light schedule, LD 0 (also ZT 0) corresponds to the beginning of the light period and LD 12 (also ZT 12) corresponds to the beginning of the dark period. Cultures were allowed to grow to a cell density of roughly 10 4 cells mL -1 and then harvested by filtration on a Whatman 541 paper supported by a Buchner funnel using a light vacuum. The cells were either used immediately or stored at -80°C until further use. These cultures are unialgal, and although not axenic, bacteria contribute little to the mass of protein harvested.
Cyst Formation and Purification
We used temperature as a reliable and rapid method to elicit cyst formation by L. polyedrum. Cell cultures with an approximate density of 10 4 cells mL -1 were placed in a refrigerator maintained at 8°C 6 1°C. After 24 h, the cysts and cell wall debris were collected by centrifugation (500g for 1 min in a swinging bucket rotor). After resuspension in seawater, the sample was layered on top of a 60% (v/v) solution of Percoll (GE Healthcare) in seawater and again centrifuged (3,000 rpm for 30 min in a swinging bucket rotor). Debris, mostly thecal plates as assessed by microscopic examination, settled at the bottom, while healthy cysts remained at the interface. The cysts were collected and the Percoll removed by washing several times with either normal seawater (for samples used for SDS-PAGE) or phosphate-free seawater (for samples used for phosphoprotein purification). These cyst cells were used immediately for protein or phosphoprotein preparations. For some experiments, cells from ZT 6 and ZT 18 were placed in the 8°C 6 1°C refrigerator, and samples were collected after 12 h of incubation.
sequencing was at the McGill University and Génome Québec Innovation Centre. Roughly 89 million 100-bp paired-end reads (approximately 18 Gb) were obtained from the cyst sample and assembled together with 312 million 76-bp paired-end reads from nonencysted cells (Beauchemin et al., 2012) using Trinity (Grabherr et al., 2011) . The two first steps of Trinity (Grabherr et al., 2011) , inchworm and chrysalis, ran with default parameters. The last step, butterfly, was split to run in parallel on a cluster. The final assembly containing 114,779 sequences of at least 300 bp has been deposited in GenBank (Transcriptome Shotgun Assembly project accession no. GABP01000000).
Sequence Analysis
Cyst reads were mapped to the previous Velvet assembly (Beauchemin et al., 2012) and to the new Trinity assembly using the Burrows-Wheeler transform (Li and Durbin, 2009 ) and compared to similar mappings using RNA from motile cells harvested at ZT 18 and circadian time (CT) 18 (accession nos. SRR330444 [ZT 18], SRR330445 [CT 18] and SRR584359 [cyst] ). Read counts were analyzed by DegSeq to uncover statistically significant differences (Wang et al., 2010) .
Northern Hybridization
To verify the decrease of plastid transcripts in cyst cells, RNA was extracted from LD 6 and a 5-h cold-incubated Lingulodinium spp. cell sample. RNA was dissolved in diethyl pyrocarbonate-treated water, and the concentrations were estimated using a nanophotometer (MBI). Ten micrograms (13) of LD6, 1 ug (0.13), 10 mg (13), and 20 mg (23) cyst RNA was adjusted in RNA sample buffer (2.2 M formaldehyde, 50% formamide, 0.53 MOPS), heated at 55°C for 15 min, chilled in ice for 1 min, and then mixed with 3 uL of 103 RNA loading dye. Thirty-three microliters of each sample was then loaded in a MOPSformaldehyde-1% agarose gel and after completion of electrophoresis, was washed for 15 min in 103 SSC buffer. RNA was transferred for overnight on to Nytran supercharge nylon membrane (Schleicher and Schuell BioScience) using 103 SSC buffer. After the blotting reaction, the RNA was cross linked using a UV cross linker (Hoefer) and prewashed in tubes for 2 h at 65°C in RNA hybridization buffer (0.5 M phosphate buffer, pH 7.2, 1 mM EDTA, 7% [w/v] SDS, and 1% [w/v] bovine serum albumin) in a HB-1000 Hybridizer (Ultra Violet Products) with rotation at 65°C. Probes were prepared from Lingulodinium polyedrum atpB and psbC (plastid RNAs), PCP (a nuclear-encoded plastid-directed protein) and ribosomal RNA (control) using the Prime-a-Gene Labeling System (Promega) and then purified by size exclusion chromatography on a Bio-Gel P60 column. The hybridization with radiolabeled probes was carried out for overnight at 65°C, and after the hybridization reaction, the membrane was washed sequentially with washing buffer 1 (40 mM phosphate, 5% SDS, and 1 mM EDTA) and 2 (40 mM phosphate, 1% SDS, and 1 mM EDTA), respectively, at 65°C for 15 min each. The blot was then exposed to the PhosphorImager screen for overnight. A Typhoon 9200 PhosphorImager (GE Healthcare) was used for capture of the radioactive emission. The same membrane was stripped using the Hot SDS Procedure (Amersham) and used for four sequential northern hybridization reactions.
Microscopy
Samples of both cysts and normal day phase L. polyedrum cells were imaged using an Axio Imager Microscope equipped with epifluorescence (Zeiss). Scintillons (the bioluminescent organelles) were visualized using a cyan fluorescent protein (CFP) filter set (excitation: 485/20 nm; emission: .470 nm), while a propidium iodide filter set (excitation: 560/40 nm; emission: 630/75 nm) was used for detection of chlorophyll fluorescence. The sequential pictures of normal bright field images were taken along with the fluorescence images. An FEI Quanta 200 3D (Dualbeam) was used for the environmental scanning electron microscopy of the L. polyedrum cysts. For the scanning electron microscopy and the fluorescence images, either a 1-mL sample of cysts cells from a 24-h cold-incubated culture or normal cells were concentrated to 200 mL, and a 20-mL aliquot was placed directly under the microscope without any further treatment.
Protein and Phosphoprotein Extraction
For 2D PAGE experiments, both 24-h cyst samples as well as samples taken from early day (LD 2) and early night (LD 14) normally growing L. polyedrum cultures were used for protein extractions. For 2D gel electrophoresis analysis, total proteins were isolated using TRIzol (Invitrogen), using manufacturers' protocol with slight modifications. Briefly, 1 mL of TRIzol was added to 0.1 to 0.2 g wet weight of cells, and after adding zirconium beads, cells were broken in a BeadBeater (BioSpec Products) at 4°C with two 1-min treatments. The lysate was incubated for 5 min at RT and then centrifuged at 12,000g for 10 min to remove debris. To the supernatant was added 200 mL of chloroform, and after vortexing for 15 s, the sample was left for 5 min at RT. The top aqueous phase containing the RNA was discarded, and 300 mL of 100% ethanol was added to the lower organic phase, mixed well, and incubated for 5 min at RT. The samples were then centrifuged for 5 min at 2,000g at 4°C to remove the DNA. The supernatant was distributed equally in two 2-mL Eppendorf tubes, and 750 mL of isopropanol was added to each, after which the samples were mixed well and then incubated at RT for 30 min. The total protein was precipitated by centrifugation at 12,000g for 10 min at 4°C. The precipitated proteins were washed twice with 1 mL of 95% ethanol for 20 min each and centrifuged at 7,500g for 5 min at 4°C after each wash. The samples were allowed to dry for 10 min at RT.
For SDS-PAGE and immunoblotting, filtered cells and cysts were resuspended in a protein extraction buffer (10 mM Tris-HCl, pH 8.0, 20 mM NaCl, 1 mM dithiothreitol [DTT] , 1 mM EDTA, 0.1% Nonidet P-40, and 1 mM phenylmethylsulfonyl fluoride supplemented with 13 protease inhibitor) with glass beads. The cells were broken with two 1-min treatments in the BeadBeater and insoluble cell debris removed by two sequential centrifugations at 11,000g for 10 and 5 min respectively, each at 4°C. Protein concentrations in the supernatant were measured using Bradford assay (BioRad) in a VersaMax plate reader (Molecular Devices).
A commercial phosphoprotein purification kit (Qiagen) was used to enrich for phosphoproteins. Washed cysts and cells were crushed in liquid nitrogen using a mortar and pestle, immediately added to the lysis buffer supplied by the manufacturer, and incubated on ice for 30 min with occasional mixing. Insoluble cell debris was removed by two sequential centrifugations at 15,000g for 10 and 5 min respectively, each at 4°C, and the supernatant was retained. Protein concentrations were measured using Bradford assay as above. Total protein (2.5 mg) was diluted to a final concentration of 0.1 mg mL -1 in 25 mL of lysis buffer supplemented with benzonase and protease inhibitors and passed through the affinity column at RT to capture the phosphoproteins. Unbound proteins were removed by washing with the lysis/wash buffer, after which phosphoproteins were eluted with the supplied elution buffer. The eluted phosphoproteins were desalted and concentrated by centrifugation on an Amicon Ultra-4 (Millipore) and precipitated with four volumes of prechilled (-20°C) acetone for 2 h at -20°C. It must be noted that the protein extraction methods used, both for phosphoprotein enrichment or for gel analysis, will result in samples in which membrane proteins are underrepresented.
2D Gel Electrophoresis
For isoelectric focusing, a dry protein pellet (from TRIzol method) was resuspended in 200 mL lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 0.001% bromphenol blue supplemented with 20 mM DTT, and 0.1% BioLyte (pH 3-10) ampholyte buffer (GE Healthcare). This total protein sample (0.5 mg in 125 mL of lysis buffer) was used to rehydrate 7-cm, pH 4 to 7, nonlinear, immobilized pH gradient strips (Bio-Rad). After 12 h of rehydration, the isoelectric focusing was carried out as per manufacturer's protocol. Strips were then prepared for the second dimension by a 10-min incubation in 0.375 M Tris-HCl (pH 8.8) containing 8 M urea, 2% SDS, 20% glycerol, and 2% DTT followed by a 10-min incubation in the same buffer containing 2.5% iodoacetamide. The strip was then soaked briefly in 13 Tris-Gly buffer, placed on top of a 12.5% polyacrylamide gel containing SDS, and overlaid with 0.25% agarose in Tris-Gly buffer containing trace amounts of bromphenol blue. The second dimension was electrophoresed as for single-dimension SDS gels. Gels were stained sequentially with ProQ Diamond (Invitrogen) and Coomassie Brilliant Blue R-250. A Typhoon 9200 PhosphorImager (GE Healthcare) was used to visualize protein fluorescence, while the Coomassie stained gels were scanned using an AGFA DuoScan T1200. Spot analysis of scanned protein-stained gels was performed using Image Master 2D Platinum 7 Software (GE Healthcare).
SDS-PAGE and Western Blotting
Lingulodinium spp. LD 2, LD 14, and cyst protein samples were dissolved in SDS sample buffer (2% SDS, 0.7 mM 2-mercaptoethanol, 62.5 mM Tris-HCl, pH 6.8, and 10% glycerol) and heated at 95°C for 5 min. Thirty micrograms of proteins from each sample were then resolved by SDS-PAGE on 12.5% polyacrylamide gels. Precision Plus Protein Standards (Bio-Rad) were used as M r markers. For immunoblotting, the proteins from gels were transferred to the Hybond-P PVDF Membranes (Amersham Biosciences) using the Transblot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad) following the manufacturer's protocol. After blocking the membranes with 5% nonfat dry milk in Tris-buffered saline buffer supplemented with 0.05% Tween 20, immunoreaction was performed with rabbit polyclonal antibodies raised against PCP (1:100,000), LBP (1:5,000), and Rubisco (1:150,000) in the same buffer. After secondary antibody reaction and subsequent washings, the blots were developed with chemiluminescent substrate (Millipore) and were exposed to the ImageQuant LAS 4000 (GE Healthcare) to capture the chemiluminescence.
Mass Spectrometry Analysis
The acetone-precipitated enriched phosphoprotein samples from Lingulodinium spp. were used directly for trypsin digestion and long-run LC-MS/MS analysis at the proteomic facility of l'Institut de Recherche en Immunologie et en Cancér-ologie (Université de Montréal). Briefly, 20 mL of a trypsin digest in 5% acetonitrile/ 0.2% formic acid was injected on a C18 precolumn (0.3-mm i.d. 3 5 mm), and peptides were separated on a C18 analytical column (150-mm i.d. 3 100 mm) using an Eksigent Nano LC-2D System with a 76-min gradient (A/B; A, formic acid 0.2% and B, acetonitrile/0.2% formic acid) from 10% to 60%. The LC system was coupled to an LTQ-Orbitrap Velos Mass Spectrometer (Thermo Fisher). Each full MS spectrum was followed by 12 MS/MS spectra (13 scan events), and the 12 most abundant multiply charged ions selected for MS/MS sequencing. MS/MS was performed using collision-induced dissociation in the linear ion trap. Data were processed with the Mascot 2.2 (Matrix Science) search engine using both a previously described L. polyedrum transcriptome assembly (Beauchemin et al., 2012) and the Trinity assembly. The variable modifications included were deamidation, carbamidomethyl, oxidation, and phosphorylation. Precursor and fragment tolerances were 10 ppm and 0.5 D, respectively.
Peptide abundances were compared between samples using raw data files from the Xcalibur software, which were first converted into peptide map files representing all ions according to their corresponding mass-to-charge ratio values, retention times, intensities, and charge states. Intensity values above a threshold of 10,000 counts were considered for further analysis. Peptide abundances were assessed using the peak top intensity values. Clustering of peptide maps across different sample sets were performed on peptides associated to a Mascot entry using hierarchical clustering with tolerances of 15 ppm and 1 min for peptide mass and retention time, respectively. Retention time of the initial peptide cluster list was normalized using a dynamic and nonlinear correction to confine the retention time distribution to less than 0.1 min (,0.3% relative standard deviation) on average.
The variation of intensities between samples was used to compute the fold change of a protein. First, a number between 0 and 1 that described the amount of representation of the protein within each condition was assigned. Then, an inhouse software (ProteoProfile; http://www.thibault.iric.ca/proteoprofile/files/ TechnicalGuide.pdf), which assigns weights to the peptides composing the protein, was used to calculate the relative intensities for each protein. The weight of each peptide represents its potential to describe correctly the protein. Each peptide starts with a weight in proportion to its own intensity level (log of the average intensity of the peptide divided by 10). Based on the Weiszfeld's iteratively reweighted least squares algorithm, this weight is multiplied by the closeness of the peptide to the protein's fold change through a series of iterations.
Bioinformatics Analysis
The LC-MS/MS analysis returned a list of peptides along with their relative intensities from LD 2, LD 14, and cyst samples. Some peptides appear several times in the list. Therefore, intensities of the peptides with identical sequences were summed to yield final peptide intensity. For some analyses, all peptides identified by comparison to the Lingulodinium spp. transcriptome were used, as all are potentially derived from phosphorylated proteins. However, for most analyses, only peptides with an identified phosphosite(s) were used. We classified the cyst phosphopeptides as hyperphosphorylated when their intensity was above the highest intensity observed in LD 2/LD 14 and hypophosphorylated when their intensity was below the lowest observed intensity between LD 2 and LD 14.
Sequence annotation and mapping to Gene Ontology (GO; Ashburner et al., 2000) and Interpro domains (Hunter et al., 2009) were performed using the web-based tool Blast2GO (Conesa et al., 2005) . For annotating the cyst hypoand hyperphosphorylated proteins, the Interpro domain information was used to infer a function for some sequences where a GO category for the protein itself was not available. Information from these two different sources was merged and verified manually to obtain the largest number possible of identified proteins.
Bioluminescence Assay
To check the effect of cold treatment on the bioluminescence rhythm, two out-of-phase cultures (LD 4 and LD 16) were taken from two different culture rooms running simultaneously with opposing light-dark regimes and placed in an 8°C 6 1°C refrigerator. After 8 h, the encysted cells were taken out and quadruplicate samples added to a 96-well microtiter plate along with cells from both culture rooms (now at a time corresponding to LD 12 and LD 24). The plate was placed in a microplate reader (Spectramax M5, Molecular Devices) kept at culture room conditions, and the bioluminescence was recorded every 2 min for the next 70 h in constant dark. All samples were surrounded by wells containing only seawater to eliminate interference by bioluminescence from adjacent wells.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers SRR330444, SRR330445, and SRR584359.
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